Results
Articles Basic Science Investigation nature publishing group Background: Intrauterine growth restriction (IUGR) has been linked to heart disease in adulthood. hence the IUGR heart is likely to be vulnerable to diabetic heart disease. The aim of this study was to examine the effect of induction of type 1 diabetes on myocardial collagen deposition and cardiac function in adult rats with a history of IUGR, after controlling blood glucose levels. Methods: IUGR was induced by protein restriction in the pregnant female rat. When the offspring were 24 wk of age, diabetes was induced in male IUGR and non-IUGR rats by means of streptozotocin; insulin injections were used to maintain blood glucose levels at a mild (7-10 mmol/l; n = 8 per group) or moderate level (10-15 mmol/l; n = 8 per group). echocardiography and cardiac morphology analyses were carried out when the rats were 32 wk of age. results: IUGR offspring exhibited cardiac hypertrophy at 32 wk, including a thicker posterior wall and increased interstitial fibrosis in the left ventricle. hyperglycemia led to an increase in heart size and myocardial fibrosis. The response to hyperglycemia was not different between IUGR and non-IUGR rats; however, cardiac fibrosis was greatest when diabetes was present along with a history of IUGR. In general, maintaining blood glucose levels at a mildly hyperglycemic level attenuated the adverse effects of hyperglycemia but did not reverse the fibrosis. conclusion: exacerbated fibrosis in hyperglycemic hearts of IUGR offspring may lead to long-term cardiac dysfunction. i n recent years there has been an escalation in the incidence of diabetes mellitus (type 1 and type 2) in both developing (1, 2) and developed countries (3, 4) ; this escalation is associated with increased mortality (5, 6) and morbidity (7, 8) worldwide. Diabetes leads to pathological remodeling of the myocardium, resulting in loss of cardiomyocytes (9) and subsequent deposition of fibrillar collagen (fibrosis) (10) ; heart failure can subsequently ensue (11, 12) .
Of note, recent epidemiological studies demonstrate that the foundations for adult disease may be established in early life, with intrauterine growth restriction (IUGR) strongly linked to the development of ischemic heart disease in adulthood (13, 14) . In animal models, there is clear evidence of cardiac programming in IUGR offspring as a result of prenatal hypoxia (15) . In the rodent maternal protein restriction model, previous studies have shown increased collagen deposition in the hearts of IUGR offspring by early adulthood (24 wk of age) (16) and overt cardiac dysfunction in these animals by 40 wk of age (17) . Therefore in this study we proposed that IUGR acts as an initial insult to the developing heart, rendering it more vulnerable to secondary postnatal insults. We hypothesized that there will be synergistic deleterious effects on cardiac function when a secondary insult such as diabetes is added to the initial developmental insult of IUGR; we further hypothesized that these adverse effects would be attenuated by maintaining blood glucose levels at a mildly hyperglycemic level. The aim of this study, therefore, was to examine the effects of induction of type 1 diabetes on cardiac structure and function in adult rats with a history of IUGR when blood glucose was maintained at either a mildly or moderately increased level. For this purpose we have conducted echocardiographic tests of heart function and quantitative analyses of cardiac fibrosis in rats that were growth restricted in utero (as a result of maternal protein restriction) and then challenged later in life with the induction of type 1 diabetes as the secondary insult.
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Heart weight. There was no significant difference in absolute heart weight in LPD offspring as compared with NPD offspring (1.95 ± 0.07 and 1.98 ± 0.04, respectively). However, when heart weights were adjusted to BWTs, LPD offspring exhibited significantly higher (P D = 0.05) relative heart weights as compared with NPD offspring at 32 wk of age (Figure 1b) . The induction of hyperglycemia led to a marked increase (P T = 0.0002) in absolute heart weight in both LPD and NPD offspring. Furthermore, relative heart weight was also higher in all groups with hyperglycemia (P T < 0.0001), with moderately hyperglycemic LPD offspring exhibiting the highest heart weight relative to BWT (Figure 1b) .
Blood Pressure
Blood pressure remained constant throughout the measurement period, from 24 to 32 wk of age, in both LPD and NPD offspring (Figure 2a) . There was no significant effect of hyperglycemia on blood pressure over the experimental period (Figure 2a) .
Echocardiographic Analyses
Heart rate. Heart rate was not affected by maternal protein restriction or the induction of hyperglycemia in either LPD or NPD offspring at 32 wk of age (Figure 2b) .
End-diastolic internal diameter of the left ventricle. Maternal protein restriction during pregnancy and lactation led to a significant reduction (P D < 0.0001) in the end-diastolic internal diameter of the left ventricle (LVIDd) of LPD offspring as compared with control NPD offspring (Figure 3a) . There was a marked increase in the LVIDd in response to the induction of hyperglycemia (P T = 0.0008). However, the response to hyperglycemia was not significantly different between LPD and NPD offspring (P D×T = 0.2). Post hoc analyses demonstrated a significant increase (P < 0.05) in the LVIDd in LPD offspring with moderate hyperglycemia as compared with LPD control offspring; however, the LVIDd was normalized when blood glucose levels were reduced to mildly hyperglycemic levels.
When the LVIDd was adjusted for BWT, the relative value of LVIDd was not different between LPD and NPD offspring ( Figure 3b) ; however, the induction of hyperglycemia led to a marked increase (P T < 0.0001) in the ratio of LVIDd:BWT. heart weight:body weight ratio (HWt:BWt) at 32 wk of age in NPD and lPD control (Cont) offspring and those exposed to mild or moderate (Mod) hyperglycemia from 24 to 32 wk of age (n = 8 per group). lPD offspring exhibited a lower body weight (P D < 0.0001) at 32 wk of age. Hyperglycemia led to a marked decrease in body weight (P t < 0.0001) as shown in (a). HWt:BWt was significantly higher in lPD offspring (P D = 0.05). the induction of hyperglycemia further increased the HWt:BWt ratio (P t < 0.0001). Data were analyzed using a two-way ANOVA, the factors being maternal diet (P D ; lPD or NPD), hyperglycemic treatment (P t ; control, mild hyperglycemia, or moderate hyperglycemia), and their interaction (P D×t ); post hoc analyses were performed to compare data within the diet groups: *P < 0.05 vs. control, within the diet groups: ** P < 0.05 for lPD group vs. respective NPD group, and † P < 0.05 for mild vs. moderate hyperglycemia. lPD, low-protein diet; NPD, normal-protein diet. , moderate (open triangles)). Data were analyzed using a repeated two-way ANOVA for blood pressure over time, and a two-way ANOVA for heart rate with the factors being maternal diet (P D ; lPD or NPD), hyperglycemic treatment (P t ; control, mild, or moderate), and their interaction (P D×t ). lPD, low-protein diet; NPD, normal-protein diet.
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When blood glucose levels were maintained at a mildly hyperglycemic level in LPD and NPD offspring, the LVIDd:BWT ratio was not significantly different as compared with their respective control groups.
End-systolic internal diameter of the left ventricle. As seen in the LVIDd, there was a significant decrease (P D = 0.0002) in end-systolic left-ventricular dimension in LPD offspring as compared with NPD offspring (Figure 3c ). Increasing levels of blood glucose led to marked increases (P T = 0.001) in endsystolic internal diameter of the left ventricle (LVIDs) in both LPD and NPD offspring.
When the LVIDs was adjusted for BWT, there was no significant difference between LPD and NPD offspring (P D = 0.08) . echocardiographic determination of cardiac internal structure at 32 wk of age in NPD (white bars) and lPD (black bars) control (Cont) offspring and those exposed to mild or moderate (Mod) hyperglycemia from 24 to 32 wk of age (n = 8 per group). end-diastolic internal diameter of the left ventricle (lVIDd) was reduced in lPD offspring (P D < 0.0001). (a) Hyperglycemia significantly increased (P t = 0.0008) lVIDd. (b) lVIDd relative to body weight (lVIDd:BWt) was significantly increased (P t < 0.0001) in rats with hyperglycemia. (c) end-systolic internal diameter of the left ventricle (lVIDs) was reduced (P D = 0.0002) in lPD offspring as compared with NPD offspring. Hyperglycemia had the effect of increasing (P t = 0.001) lVIDs. (d) lVIDs relative to body weight (lVIDs:BWt) was significantly increased (P t < 0.0001) in hyperglycemic offspring. (e) Posterior wall (PW) thickness was significantly increased in hyperglycemic offspring. (f) PW thickness relative to BWt (PW:BWt) was significantly increased (P D = 0.0001) in lPD offspring, and hyperglycemia also had the effect of increasing (P t < 0.0001) PW:BWt. (g) septal thickness was significantly reduced (P D = 0.01) in lPD offspring. (h) septal thickness relative to BWt (septum:BWt) was significantly increased (P D = 0.05) in lPD offspring, and hyperglycemia also had the effect of increasing (P t < 0.0001) septum:BWt. the data were analyzed using a two-way ANOVA, the factors considered being: maternal diet (P D ; lPD or NPD), hyperglycemic treatment (P t ; mild or moderate), and their interaction (P D×t ). Post hoc analyses were performed to compare data within the diet groups: *P < 0.05 vs. control, within the diet groups: ** P < 0.05 for lPD group vs. respective NPD group, and † P < 0.05 for mild vs. moderate hyperglycemia. lPD, low-protein diet; NPD, normal-protein diet.
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Articles IUGR combined with hyperglycemia as regards the LVIDs:BWT ratio (Figure 3d) . Hyperglycemia led to a marked increase (P T < 0.0001) in the LVIDs:BWT ratio; when blood glucose levels were reduced in the mildly hyperglycemic rats, there was no significant difference in the LVIDs:BWT ratio relative to their respective controls.
Posterior wall thickness. Maternal protein restriction during pregnancy and lactation did not affect posterior wall (PW) thickness in the resulting LPD offspring as compared with NPD offspring (Figure 3e) . Induction of hyperglycemia led to a marked increase (P T < 0.0001) in PW thickness in both LPD and NPD offspring. When adjusted for BWT, there was a significant increase (P D = 0.0001) in relative PW thickness in LPD offspring (Figure 3f) . Hyperglycemia lead to a marked increase (P T < 0.0001) in the LVIDs:BWT ratio; however, when blood glucose levels were reduced in the mildly hyperglycemic rats, there was no significant difference in the LVIDs:BWT ratio relative to their respective controls. However, by lowering blood glucose levels (in mildly hyperglycemic groups), the absolute PW thickness in both LPD and NPD offspring, and the relative PW thickness in NPD offspring were restored to the levels of the respective control groups. However, the relative PW thickness in LPD offspring remained elevated even after blood glucose levels were reduced to a mildly hyperglycemic level.
Septal thickness. Overall, LPD offspring exhibited a significantly reduced (P D = 0.01) septal thickness as compared with NPD offspring (Figure 3g) . The induction of hyperglycemia did not affect the septal thickness in LPD offspring relative to NPD offspring. When adjusted for BWT, there was a significantly higher (P D = 0.05) ratio of septum:BWT in LPD offspring as compared with NPD offspring (Figure 3h) . Increases in the levels of blood glucose also significantly increased (P T < 0.0001) the septum:BWT ratio. Unlike other parameters, relative septal thickness in LPD offspring was not restored to control levels by maintaining blood glucose levels at a mildly hyperglycemic level.
Fractional shortening. Fractional shortening (FS) was not different in LPD offspring as compared with NPD offspring (Figure 4) . Hyperglycemia did not alter FS in either LPD or NPD offspring.
Cardiac Fibrosis
Interstitial/reparative fibrosis. There was a significant increase (P D < 0.0001) in the levels of interstitial fibrosis in the left ventricle plus septum (LV+S) of LPD offspring as compared with those of NPD offspring ( Figure 5 ). Both LPD and NPD offspring responded in a similar manner to hyperglycemia, with marked increases (P T < 0.0001) in interstitial fibrosis in the LV+S. Even when blood glucose levels were maintained at a mildly hyperglycemic level, the extent of interstitial fibrosis was not normalized in either LPD or NPD offspring. LPD offspring showed no difference relative to NPD offspring as regards the levels of interstitial fibrosis in the right ventricle (RV), with or without hyperglycemia. There was no evidence of reparative fibrosis in either the LV+S or RV of LPD and NPD offspring at 32 wk of age.
Perivascular fibrosis.
There was no difference in the adventitia:lumen ratio in LPD control offspring as compared with NPD control offspring at 32 wk of age. The induction of hyperglycemia did not affect the adventitia:lumen ratio in either LPD or NPD animals.
Maternal LPD and hyperglycemia did not affect the levels of perivascular fibrosis in the LV+S or RV of any of the offspring.
Media-to-lumen ratio of intramyocardial arteries.
There was no significant diff1erence between LPD and NPD offspring in the media:lumen ratio of intramyocardial arteries in either the LV+S or RV.
DIsCussION
The findings of this study demonstrate the induction of left-ventricular hypertrophy in adult rats with a history of IUGR. This was accompanied by a thicker posterior wall relative to body weight and increased interstitial fibrosis. As expected, there were indications of altered cardiac function (enlarged end-diastolic and end-systolic dimensions) when type 1 diabetes was induced in the animals; in general, the IUGR and control rats did not differ in respect of their response to hyperglycemia. Maintaining blood glucose levels at a mildly hyperglycemic level markedly attenuated the adverse effects of type 1 diabetes; however, the increase in collagen deposition was not reversed.
Altered Cardiac Growth in Offspring With IUGR
There was clear evidence of altered cardiac growth in LPD (IUGR) offspring as compared with controls. The observed increase in relative heart weight in the IUGR rats is indicative of left-ventricular hypertrophy in these animals which is supported by the observed increase in relative PW thickness in the left ventricle. Left-ventricular hypertrophy has been described in other experimental models of IUGR as well (18) (19) (20) , but this is often associated with an elevation in arterial Articles Lim et al.
blood pressure (19, 20) . Of note, left-ventricular hypertrophy in the IUGR offspring in our study appears to have developed independently of a change in blood pressure; when tail-cuff blood pressure was measured from 24 to 32 wk of age there was no difference in blood pressure between the LPD and NPD offspring. An absence of blood pressure differences in adulthood between LPD and NPD offspring is a consistent finding in our laboratory, where we have used this model of maternal protein restriction during pregnancy and lactation, including studies in which conscious blood pressure was measured using an indwelling catheter (21, 22) . In addition, similar findings of no effects on long-term blood pressure in IUGR offspring have been reported by other laboratories (23) (24) (25) (26) . The relative increase in heart size in the LPD offspring is probably the result of increased collagen deposition within the myocardium; there was a marked increase in interstitial fibrosis within the myocardium of the IUGR offspring. These findings are in accordance with previous findings in our laboratory; earlier, we observed a 15% increase in interstitial fibrosis in the hearts of LPD offspring at 24 wk of age (16) . A similarly significant increase in interstitial fibrosis has been described in adolescent guinea pigs that were growth restricted in utero because of chronic placental insufficiency (27) .
Alternatively, the increase in relative heart weight may be attributable to an increase in cardiac muscle mass as a result of cardiomyocyte hypertrophy; cardiomyocytes generally do not proliferate in the adult heart. In this context, the administration of insulin may have mediated some of the effects. Indeed, insulin treatment has been shown to induce hypertrophy in cultured cardiomyocytes (28) , and chronic hyperinsulinemia (29) has been shown to lead to cardiac hypertrophy in rats. Whether cardiomyocyte growth was affected and/or mediated by insulin in our study requires further investigation.
Although cardiac fibrosis is a well known cause of altered contractility of the myocardium (30, 31) , left-ventricular contractility appears to be adequately maintained at this stage, as seen from the finding that FS of the cardiac muscle did not differ between the LPD and NPD offspring. It appears likely that the left-ventricular hypertrophy observed in the IUGR offspring leads to encroachment on the left ventricle chamber size during systole, as judged from the significant decrease in end-systolic dimensions in the hearts of IUGR animals.
Induction of Type 1 Diabetes Leads to Impaired Cardiac Function
Although diabetes mellitus is defined as a metabolic disorder, the major direct cause of morbidity and mortality in diabetes is from cardiovascular disease (32, 33) . It has been shown that patients with diabetes exhibit changes in cardiac structure such as ventricular and myocyte hypertrophy (34, 35) , increased deposition of collagen (11, 36) , and advanced glycation end products (37) . Patients with diabetes have an increased susceptibility to developing heart failure after myocardial infarction and, once established, the outcome is worse than in patients without diabetes (38) . In accordance with the literature, in this study we found that the induction of hyperglycemia led to leftventricular hypertrophy and altered cardiac structure. When assessed echocardiographically, there was a significant increase in relative end-diastolic diameter of the left ventricle, suggesting impairment of diastolic function (39) . In addition, there was a significant increase in relative end-systolic dimensions, which may reflect the induction of left-ventricular hypertrophy consequent to hyperglycemia. Of note, the induction of hyperglycemia led to a marked increase in interstitial fibrosis in both NPD and LPD offspring. . lPD offspring exhibited significantly higher levels (P D < 0.0001) of interstitial fibrosis, and hyperglycemia also had the effect of increasing (P t < 0.0001) the level of interstitial fibrosis. the data were analyzed using a two-way ANOVA, the factors considered being maternal diet (P D ; lPD or NPD), hyperglycemic treatment (P t ; control, mild, or moderate), and their interaction (P D×t ). Post hoc analyses within the diet groups: *P < 0.05 vs. control; ** P < 0.05 for lPD group vs. respective NPD group. the bottom panels represent picrosirius red-stained sections (×200 magnification; bar = 50 µm) showing interstitial collagen fibers (stained red) in the lV+s of hearts from NPD control (Cont), mild, and moderate (Mod) hyperglycemic groups, and from lPD control (Cont), mild, and moderate (Mod) hyperglycemic groups. lPD, low-protein diet; lV+s, left ventricle plus septum; NPD, normal-protein diet.
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Induction of Type 1 Diabetes in IUGR Offspring
Epidemiological studies closely link IUGR with long-term cardiovascular disease (40) (41) (42) .Therefore in this study we proposed that IUGR would act as an initial insult on the growth of the heart, rendering it vulnerable to a subsequent secondary insult. The secondary cardiovascular insult initiated in this study was the induction of type 1 diabetes, resulting in hyperglycemia. Of note, we found that the response to hyperglycemia was not different between the LPD and NPD offspring; there was no significant relationship between maternal diet and hyperglycemia with respect to any of the experimental parameters examined. There was therefore no evidence of an exaggerated pathological response to hyperglycemia in the hearts of adult rats that had been subjected to IUGR by maternal protein restriction.
Maintaining Blood Glucose Levels at a Mildly Hyperglycemic Level Attenuates Left-Ventricular Hypertrophy in Control Rats but Does Not Attenuate Cardiac Fibrosis
When blood glucose levels were maintained at a mildly hyperglycemic level in the diabetes-induced NPD offspring, the extent of cardiac hypertrophy (including PW thickness) was markedly attenuated and not different from the values in controls with no diabetes. An increase in relative LVIDd (indicative of diastolic dysfunction (39)) was seen in the NPD offspring maintained at moderately hyperglycemic levels, whereas this was not observed in the NPD group in which blood glucose levels were maintained at a mildly hyperglycemic level. Of note, however, these beneficial effects of maintaining blood glucose levels at a mildly hyperglycemic level were not as pronounced in the LPD offspring with respect to cardiac hypertrophy; the relative posterior left-ventricular wall thickness and the relative septum thickness, although attenuated, remained significantly higher than in the respective controls. This may, in part, reflect the presence of high levels of fibrosis in the hearts of the LPD offspring. A finding that is of particular concern in this regard was that the increase in interstitial fibrosis as a result of the induction of diabetes was not attenuated with improved glycemic control in either the NPD or the LPD offspring. The levels of interstitial fibrosis were already elevated in LPD offspring and, with the induction of hyperglycemia, these levels were further exacerbated in both the mildly and the moderately glycemic LPD groups as compared with the respective NPD groups, as assessed using post hoc analyses. Given that cardiac fibrosis is a major cause of cardiac dysfunction, our results suggest that, in adulthood, offspring with a history of IUGR may be at heightened risk of cardiac dysfunction in the presence of hyperglycemia as compared with those without such a history, even when blood glucose levels are maintained at a mildly hyperglycemic level.
An alternative explanation for the persistently high levels of fibrosis in the hearts of the animals maintained at mildly or moderately hyperglycemic levels may relate to the administration of insulin. Further investigation is required to determine the contribution of insulin to the increased levels of myocardial fibrosis that we found in the animals in our study.
In conclusion, we have shown cardiac hypertrophy accompanied by increased myocardial collagen deposition in adult rats that were growth restricted in utero. The induction of hyperglycemia also led to an increase in heart size and myocardial fibrosis. The response to hyperglycemia in adulthood was not different between the animals with a history of IUGR and those without. However, the levels of cardiac fibrosis were greatest when adult-onset diabetes was combined with a history of IUGR. Although maintaining blood glucose levels at a mildly hyperglycemic level in rats with diabetes did, in general, attenuate the abnormal effects on cardiac growth and normalize end-diastolic and end-systolic left-ventricular diameters, the increases in myocardial fibrosis were not attenuated. Therefore, although the function of the cardiac muscle (as assessed by FS) was not compromised in any of the offspring studied, it is likely that the exacerbated myocardial fibrosis observed in the hyperglycemic offspring with a history of IUGR could lead to overt cardiac muscle dysfunction in later life, even if glucose levels are well maintained.
MetHODs
Animals and Diet Treatment
Female Wistar Kyoto breeder rats were obtained from the Australian Resource Centre (Perth, Australia). The female rats were divided into two groups and fed either a NPD (n = 8; 20% casein) or a LPD (n = 8; 8.7% casein) for 2 wk before mating (to familiarize the dams with the diets), during pregnancy, and for 2 wk after delivery of the litter (because cardiomyocytes continue to proliferate in the first 2 wk after birth in rats (43)). After this, all the dams were fed normal laboratory chow. The semipurified diets were ones that were commercially available (Glen Forrest Stockfeeders, Perth, Australia). The nutrient contents of the NPD and LPD semipurified diets were equivalent except for starch, which was varied to ensure that the diets were close to isocaloric (16) . The breeder rats were housed individually and maintained at an ambient temperature of 21 °C, with a 12-h day/night cycle. Food and water was administered ad libitum. To prevent stress to the dams, the pups were not handled until 3 d after birth. At postnatal day 3, all the litters were reduced to 8 pups per litter. Litter sizes ranged from 8 to 12 pups, and there was no difference in litter size between groups.
At weaning, NPD and LPD offspring were separated into three subgroups, each with eight male offspring; only one male weanling per litter per group was used. At 24 wk of age, diabetes was induced by a single intraperitoneal injection of streptozotocin (STZ; Sigma-Aldrich, St Louis, MO, 50 mg/kg in 0.1 mol/l citrate buffer solution) in two of the experimental groups. The rest of the animals were injected with vehicle (control group). Three days after STZ injection, blood glucose levels were measured to ensure that the rats had developed diabetes (blood glucose level >15 mmol/l). Before injecting STZ, there was no difference in blood glucose levels between the LPD and NPD offspring (4.03 ± 0.07 and 4.16 ± 0.04 mmol/l, respectively). From day 3 after STZ injection to 32 wk of age, blood glucose levels were maintained at either a mildly hyperglycemic (7-10 mmol/l) level (mildly hyperglycemic group) or at a moderately hyperglycemic (10-15 mmol/l) level (moderately hyperglycemic group). Blood glucose levels were measured daily in all the animals at 4:00 PM from a drop of blood drawn from the tail artery, and short-and long-acting doses of insulin (Actrapid and/or Protaphane; Novo Nordisk, Baulkham Hills, Australia) were injected subcutaneously (1 IU of short-acting insulin Actrapid, followed by 1-3 IU of long-acting insulin Protaphane 2 h after the initial Actrapid injection) to maintain blood glucose levels within the predetermined range. There was no difference in the amounts of insulin administered to the LPD and NPD offspring to maintain the targeted glycemic levels. The experiments were approved by the
